Degradation of unusual fatty acids through β-oxidation within transgenic plants has long been hypothesized as a major factor limiting the production of industrially useful unusual fatty acids in seed oils. Arabidopsis seeds expressing the castor fatty acid hydroxylase accumulate hydroxylated fatty acids up to 17% of total fatty acids in seed triacylglycerols; however, total seed oil is also reduced up to 50%. Investigations into the cause of the reduced oil phenotype through in vivo [ ]malonate metabolic labeling of hydroxylaseexpressing seeds indicated the in vivo acetyl-CoA carboxylase activity was reduced to approximately half that of control seeds. Therefore, the reduction of oil content in the transgenic seeds is consistent with reduced de novo fatty acid synthesis in the plastid rather than fatty acid degradation. Intriguingly, the coexpression of triacylglycerol synthesis isozymes from castor along with the fatty acid hydroxylase alleviated the reduced acetyl-CoA carboxylase activity, restored the rate of fatty acid synthesis, and the accumulation of seed oil was substantially recovered. Together these results suggest a previously unidentified mechanism that detects inefficient utilization of unusual fatty acids within the endoplasmic reticulum and activates an endogenous pathway for posttranslational reduction of fatty acid synthesis within the plastid.
β-oxidation | feedback inhibition | metabolic engineering F atty acids (FAs) that accumulate as triacylglycerols (TAGs) in seeds of plants represent a major source of renewable reduced carbon that can be used as food, fuel, or industrial feedstocks. Within the plant kingdom there are greater than 300 different types of "unusual FAs" that contain functional groups (e.g., hydroxy, epoxy, and cyclopropane) or have physical properties useful for replacing petroleum in the chemical industry (1, 2) . Unfortunately, most plants which naturally produce these unusual FAs have agronomic features which make them unsuitable as major crops. Over the past 2 decades, most attempts to genetically engineer unusual FAs into oilseed crops or model species have produced only low proportions of the desired FA within TAG (2) (3) (4) (5) . Additionally, in many cases, accumulation of unusual FAs in transgenic plants is accompanied by a reduction of total seed oil (6) (7) (8) (9) (10) (11) ; in some instances reductions of up to 50% of total seed oil have been reported (7, 10) . The endogenous mechanisms that recognize and respond to unusual FAs and result in reduced seed oil accumulation in transgenic plants are unknown. These limited successes and adverse outcomes of oilseed engineering highlight our lack of knowledge on how plants accumulate TAG and indicate a need for better understanding of mechanisms that control seed FA synthesis and accumulation.
The net accumulation of a metabolic product is controlled by the combined action of anabolic and catabolic pathways. The FAs that accumulate within TAG are initially synthesized up to 18C and 0-1 double bonds within the plastid. Upon exiting the plastid, newly synthesized FAs may be further modified (desaturated, hydroxylated, etc.) while esterifed to endoplasmic reticulum (ER) membrane lipid phosphatidylcholine (PC) before incorporation into TAG (12, 13) . FAs esterifed to glycerolipids have long half-lives (14) , with minimal turnover in most tissues (15) . A prominent exception takes place in germinating seedlings where TAG is broken down through β-oxidation to produce acetyl-CoA for energy production and gluconeogenesis (16) . In preparation for germination, enzymes for TAG degradation accumulate during seed development and lead to a loss of ∼10% of seed oil reserves during late seed maturation (17) . Thus, oil levels of mature seeds result from a combination of both FA synthesis and FA catabolism, and an alteration of either process could lead to the reduced oil phenotypes of some transgenic oilseeds.
The selective breakdown of unusual FAs within transgenic plants has long been suggested as a major factor limiting production of oilseed crops containing industrial oils (12, 18) . Multiple lines of evidence support this hypothesis. The castor (Ricinus communis)
Significance
Many plants produce valuable fatty acids in seed oils that provide renewable alternatives to petrochemicals for production of lubricants, coatings, or polymers. However, most plants producing these unusual fatty acids are unsuitable as crops. Metabolic engineering of oilseed crops, or model species, to produce the high-value unusual fatty acids has produced only low yields of the desired products, and previous research has indicated fatty acid degradation as a potential major factor hindering oilseed engineering. By contrast, we here present evidence that inefficient utilization of unusual fatty acids within the endoplasmic reticulum can induce posttranslational inhibition of acetyl-CoA carboxylase activity in the plastid, thus inhibiting fatty acid synthesis and total oil accumulation. FA hydroxylase which produces hydroxylated FAs (HFA) and the California bay medium-chain acyl-acyl carrier protein thioesterase (MCTE) which produces 12:0 (FA nomenclature, # carbons: # double bonds) have been constitutively expressed in tobacco and Brassica napus, respectively (12, 19) . In each case, small amounts of the unusual FAs were found in the seeds but not in the leaves. Biochemical analysis of MCTE leaves indicated high MCTE activity and 12:0 production, but no accumulation (19) . Thus, the lack of unusual FA accumulation in leaves suggests that unusual FAs are rapidly degraded after synthesis. The accumulation of HFA and 12:0 to significant levels within seed TAG of transgenic plants has been achieved by the use of strong seed-specific promoters (18, 20, 21) . Sequestration of unusual FAs in TAG of transgenic plants may limit their adverse effects on membranes and thus allow accumulation in seeds. However, some evidence suggests that unusual FAs are also broken down by β-oxidation in developing seeds. Degradation of HFA through β-oxidation was indicated in the seeds of Arabidopsis plants coexpressing the castor FA hydroxylase along with a bacterial polyhydroxyalkanoate (PHA) synthase, which produces PHA from intermediates of β-oxidation (22) . However, it is unclear if the PHA accumulation in the transgenic seeds was due to β-oxidation during the TAG accumulation phase of seed development or during the TAG breakdown phase of late seed maturation. B. napus embryos accumulating 12:0 up to 60% of seed FA had increased levels of a 12:0 specific β-oxidation activity. The substantial rates of β-oxidation during seed development did not reduce total oil accumulation in these seeds, implying that a concomitant increase in FA synthesis compensated for a futile cycle of 12:0 synthesis/degradation (21) . Together these results demonstrate that even though seed tissue can accumulate unusual FAs within glycerolipids, the proportion and content of unusual FAs within TAG may still be limited by selective β-oxidation of the unusual FAs.
The apparent increased FA synthesis that is proposed to offset unusual FA degradation makes it unclear how production of HFA or epoxy-FA has led to substantially reduced levels of seed oil in multiple transgenic plants ( [8] [9] [10] [11] . To better understand the metabolic processes that control TAG accumulation in seeds we investigated the basis of reduced oil accumulation in Arabidopsis plants expressing the castor FA hydroxylase (12) . Castor seeds accumulate oil containing ∼90% HFA. However, heterologous expression of the FA hydroxylase in different plants has led to a relatively low proportion of HFA in the oil of transgenic seeds, with the best lines producing ∼17% HFA in TAG (9, 18, 20, 23, 24) . The accumulation of HFA within transgenic Arabidopsis seeds is also accompanied by a 30-50% reduction in total seed oil (8) (9) (10) . Interestingly, endeavors to circumvent the mechanisms limiting the proportion of HFA within TAG through coexpression of the castor FA hydroxylase with HFA-selective TAG-synthesis enzymes increased not only the proportion of HFA in the TAG (to over 25%) but also mostly recovered the seed oil content to that of nontransgenic lines (9, 25) . These previous results suggest that inefficient utilization of unusual FAs leads to the reduced seed oil levels. However, it is unknown if the reduced oil content is due to increased catabolism of the unusual FAs through β-oxidation, impairment of FA synthesis, or both.
Here we report that production of HFA within the ER of developing Arabidopsis seeds by castor FA hydroxylase expression alone induced a large reduction in FA synthesis and seed oil content, apparently by posttranslational inhibition of plastid localized acetyl-CoA carboxylase (ACCase) activity. Our results indicate that the reduction in FA synthesis is a primary mechanism for the reduced seed oil. Additionally, more efficient incorporation of HFA into TAG by HFA-selective TAG-synthesis enzymes alleviates the inhibition of ACCase activity and increases seed oil content. Thus, we demonstrate in vivo that developing oilseeds can detect inefficient glycerolipid metabolism within the ER and respond by posttranslational down-regulation of de novo FA synthesis within the plastid.
Results
Reduced Oil Accumulation in Plants Producing HFA. We initially set out to quantify the effect of HFA β-oxidation on mature seed oil levels and the accumulation of TAG during seed development. Fig. 1 displays the oil content of wild-type and transgenic Arabidopsis seeds producing HFA. There is no difference in oil content between wild-type Col-0 and the fatty acid elongation 1 (fae1) mutant (26) which is the background for the transgenic lines. Two independent transformations of fae1 with the castor FA hydroxylase using a seed-specific promoter (CL37 and CL7) each contain ∼17% HFA within seed oil (20) . Both hydroxylase-expressing lines have an ∼50% reduction in total FAs per seed (Fig. 1A) as well as a reduction in oil content as a percent of total seed weight (Fig.  1B) . In an attempt to increase the proportion of HFA in TAG HFA-selective TAG-synthesis enzymes from castor [phospholipid: diacylglycerol acyltransferase (PDAT) and acyl-CoA:diacylglycerol acyltransferase (DGAT)] were coexpressed with the FA hydroxylase within the CL37 and CL7 backgrounds, respectively (9, 25) . The total micrograms of HFA per seed in the PDAT and DGAT lines was doubled (Fig. 1A) , indicating a more efficient incorporation of HFA into TAG. However, HFA content as a percent of total FA only increased up to ∼25% due to an even larger increase in the micrograms of normal FA (9) . In the PDAT and DGAT lines the oil content of the seeds is recovered to 75 and 85% of the control, respectively (Fig. 1A) . We also measured the net accumulation of TAG during the stage of rapid oil accumulation within developing seeds (SI Appendix, Fig. S2 ). The net rate of TAG accumulation over seed development of CL37 was approximately half the rate of accumulation in the fae1 background line (SI Appendix, Fig. S2 A and B) . In contrast, the PDAT and DGAT lines accumulated TAG at ∼0.7 and 0.9 the net rate of fae1, respectively (SI Appendix, Fig. S2 C  and D) . The correlation between reduced CL37 seed oil levels ( Fig. 1) and net rates of TAG accumulation over seed development (SI Appendix, Fig. S2 ) suggests that the reduced seed oil content of CL37 versus fae1 is mostly due to less TAG accumulation during seed development, rather than increased TAG breakdown during late seed maturation.
FA Synthesis Rate Is Reduced When HFA Are Inefficiently Incorporated into TAG. The oil content and net rate of TAG accumulation of CL37 was approximately half of that in the fae1 control. However, this does not necessarily imply that half of the FAs synthesized in CL37 are broken down through β-oxidation. Previously, β-oxidation induced by unusual FA production or FA synthesis mutants has led to increased levels of FA synthesis to replenish cellular FA content (21, 27) . Therefore, we hypothesized that the rate of FA synthesis within CL37 may also be A B increased, and the total amount of CL37 FAs degraded by β-oxidation would be the difference between total FA synthesis and total FA accumulation. (29) . Fig. 2B demonstrates the accumulation of 3 H-labeled FAs over 30 min in fae1 and CL37 at three different developmental stages during the period of TAG accumulation in developing seeds. The rate of CL37 FA synthesis was consistently less than half that of fae1 at all developmental stages. Additionally, the rates of FA synthesis in the PDAT and DGAT lines were significantly increased from CL37, but not statistically different from fae1 (Fig. 2B) . Together, the metabolic labelings of FA synthesis are consistent with a reduced rate of de novo FA synthesis in CL37 that is responsible for the reduction in seed oil accumulation. Additionally, the more efficient incorporation of HFA into TAG of the PDAT and DGAT lines and the recovered seed oil content (Fig. 1) are consistent with recovered rates of FA synthesis within these lines (Fig. 2B) .
It is possible that increased β-oxidation activity due to HFA production channels nascent FAs exported from the plastid directly into β-oxidation [similar to the effect of MCTE expression in leaves (19) ] and thus produces an apparent reduction in the FA synthesis labeling. However, this scenario is unlikely for two reasons. First, MCTE-expressing leaves produce an incomplete product of FA synthesis (12:0). The 12:0 exported from the plastid is not used for membrane lipid synthesis in the ER (30) and therefore is rapidly degraded. In contrast, the castor FA hydroxylase can only produce HFA after newly synthesized 18:1 is exported from the plastid and incorporated into PC within the ER. The major product of FA synthesis is 18:1 and thus it is unlikely to be selectively degraded. Second, the major flux of nascent FAs exported from the plastid is into PC through acyl editing in Arabidopsis (31, 32) and in other plants (33, 34) . Therefore, the removal of HFA from PC and their subsequent β-oxidation would require an increased flux of newly synthesized FAs into PC to maintain membrane integrity. Analysis of nascent [
14 C]FA incorporation into glycerolipids of fae1 and CL37 (SI Appendix, Fig. S3 and Fig. S3 Discussion) , as well as previous analysis of [ 14 2 O incorporation into lipids of CL37 compared with fae1 is consistent with a reduced rate of de novo FA synthesis in CL37. Thus, the reduced TAG accumulation in CL37 seeds is more likely due to less FA synthesis rather than increased FA β-oxidation.
Expression of FA Synthesis-Related Genes is Not Changed Between the fae1, CL37, and PDAT Lines. TAG deposition within oil-bearing plant tissues is correlated to large increases in genes involved in FA synthesis including acetyl-CoA carboxylase (ACCase) which is the first committed step in FA synthesis (35) (36) (37) . We used whole-transcriptome RNAseq to determine if transcriptional regulation of FA synthesis is involved in the altered rates of FA synthesis between fae1, CL37, and PDAT developing seeds. If a particular change in gene expression between fae1 and CL37 is associated with the reduced FA synthesis rates, we would expect to see the opposite expression change between CL37 and PDAT where the rates of FA synthesis and oil levels are recovered. Because FA synthesis gene expression changes temporally in developing seeds we analyzed gene expression at three developmental stages. The fold change in gene expression between fae1 and CL37 or CL37 and PDAT for the four nuclear encoded genes of ACCase is given in Table 1 . Surprisingly, there was very little difference in ACCase gene expression between each of the three lines at each developmental stage. Additionally, there was no consistent opposite regulation of FA synthesis genes between CL37/fae1 and PDAT/CL37 as hypothesized. Very similar results were found for all other known genes involved in FA synthesis (Dataset S1). Additionally, there was little change in expression of β-oxidation genes (Dataset S2) between fae1, CL37, and PDAT. Therefore, the large changes in lipid metabolism between fae1 and CL37 as indicated by TAG accumulation ( Fig. 1 ) and metabolic labeling (Fig. 2 ) are most likely due to posttranscriptional regulation of FA synthesis rather than transcriptional regulation.
Acyl-CoA and acyl-ACP Compositions. Recent fatty acid-feeding studies of B. napus embryo-derived microspore cultures indicate that accumulation of oleate (18:1) within the acyl-CoA pool could lead to reduced export of oleate from plastid, accumulation of oleoyl-ACP within the plastid, and product inhibition of FA synthesis by interaction of oleoyl-ACP with ACCase (38) . We hypothesized that inefficient utilization of HFA-CoA for TAG synthesis may also cause a backup of oleate export from the plastid and reduced FA synthesis within CL37. Therefore, we measured the acyl-CoA and acyl-ACP compositions of developing fae1, CL37, PDAT, and DGAT lines (Fig. 3) . The proportion of oleoyl-CoA was similar in all lines (Fig. 3A) , and HFA-CoA accumulated to less than 10% in CL37, similar to levels of HFA in developing castor seeds (39) . Additionally, the acyl-ACP compositions of all four lines were very similar (Fig. 3B) , and there was no statistically significant change in the acyl-ACP pool sizes (SI Appendix, Fig. S4 ). Therefore, it is unlikely A B C that the reduced rates of FAS in CL37 are due to posttranslational regulation of FA synthesis through oleoyl-ACP feedback inhibition of ACCase.
ACCase Activity Is Down-Regulated in CL37. Several studies have indicated ACCase as a major posttranslationally regulated enzyme of FA synthesis (38, (40) (41) (42) (43) . Therefore, to estimate in vivo ACCase activity under the same conditions that indicated changes in the FA synthesis rate we used differential [ (Fig. 2C) 14 C]malonate incorporation into FAs. However, there were no differences between the radiolabeled substrates for the incorporation into PDAT and DGAT FAs, indicating that ACCase activity is reduced in CL37 but not in the PDAT or DGAT lines.
Discussion
Inefficient Glycerolipid Synthesis Induces Down-Regulation of de Novo FA Synthesis. Previously, β-oxidation of unusual FAs in transgenic plants has been hypothesized as a major factor limiting efficient oilseed engineering. We cannot completely rule out β-oxidation of HFA to some extent during CL37 seed development. However, CL37 plants expressing the castor FA hydroxylase, compared with the fae1 control, have approximately half as much seed oil accumulation (Fig.1) , half the rate of FA synthesis ( Fig. 2A) , and half the ACCase activity (Fig. 2C ), yet transcript levels for ACCase subunits are not changed (Table 1) . Together these results suggest the major mechanism for reduced oil in transgenic plants accumulating HFA (8-10) is reduced FA synthesis through posttranslational inhibition of ACCase, rather than primarily through degradation of HFA via β-oxidation. Intriguingly, more efficient utilization of HFA for TAG synthesis by coexpression of castor DGAT or PDAT with the FA hydroxylase alleviates the reduced ACCase activity (Fig. 2C) , the reduced rate of FA synthesis (Fig. 2B) , and substantially alleviates the reduced seed oil accumulation (Fig. 1) . Similar oil phenotypes have also been reported in soybeans expressing a FA epoxygenase alone and with coexpression of an epoxy-FA selective DGAT (11) . Together, these results suggest that plants can detect inefficient glycerolipid synthesis within the ER and can respond by posttranslational down-regulation of ACCase activity, and thus de novo FA synthesis, within the plastid.
FA Synthesis Inhibition and β-Oxidation Represent Differential
Responses to Unusual FA Production in Transgenic Plants. Previously, futile cycles of unusual FA synthesis and β-oxidation have been indicated as factors limiting the accumulation of HFA, epoxy-FA, or medium-chain FAs in the seeds or leaves of transgenic plants (19, 21, 22, 44) . However, in the previous studies with transgenic plants producing HFA or epoxy-FA, very low levels of the unusual FAs were produced in the seeds (∼6% HFA and ∼3% epoxy-FA), and no report was made on the seed oil levels (22) . CL37 seeds accumulate ∼17% HFA and have reduced seed oil (Fig. 1) , suggesting that higher levels of unusual FAs may induce different changes in seed metabolism than do low levels. At low levels, the HFA or epoxy-FA that are inefficiently used for ER glycerolipid synthesis may be shunted into β-oxidation with a corresponding small increase in de novo FA synthesis required to achieve the WT level of TAG accumulation (21) . However, high levels of HFA production and inefficient incorporation into TAG interferes with ER glycerolipid synthesis (10) and may induce the ER-to-plastid feedback inhibition of FA synthesis measured in CL37. It appears that production of medium-chain FAs within transgenic plants can produce different metabolic responses. Up to 60% of the seed oil can be accumulated by 12:0 within transgenic B. napus plants and induce futile cycles of increased rates of FA synthesis and β-oxidation, yet without an effect on oil levels (21). The differences in metabolic responses to medium-chain FAs and HFA may be due to their chemical structure or their sites of synthesis. Medium-chain FAs are produced within the plastid as intermediates of FA synthesis. The shuttling of incomplete products of FA synthesis exported from the plastid into β-oxidation (or sequestering them in TAG) may represent an endogenous pathway to limit their incorporation into ER membrane lipids, and the corresponding increased rates of FA synthesis within these plants may restore the flux of FAs into ER glycerolipid synthesis. However, HFA are produced on PC which is a key intermediate of cellular membrane and storage lipid synthesis (13) . Many PC-derived unusual FAs are thought to affect membrane structure and function and are typically maintained at very low levels within membrane lipids, even in plant species that naturally accumulate PC-derived unusual FAs within TAG (30) . Thus, the inefficient flux of HFA from PC into TAG (9, 10) may be identified by the plant as a problem with membrane lipid synthesis or lipid oxidation and elicit a differential metabolic response than that of incomplete FA synthesis.
Possible Mechanisms of ACCase Inhibition from Inefficient ER Glycerolipid Synthesis. Excess FA accumulation (from oleate feeding) has been shown to induce posttranscriptional downregulation of ACCase activity and reduce de novo FA synthesis in tobacco and B. napus cell cultures (38, 40) . However, the cells used the supplied FAs for growth, and thus overall lipid accumulation was not affected by the reduction in de novo FA synthesis. Additionally, the reduction in FA synthesis was recently attributed to a build-up of oleate in the acyl-ACP pool and may lead to direct ACCase inhibition through interaction with oleoyl-ACP (38). CL37 did not have an increased proportion of oleoyl-ACP relative to fae1, PDAT, or DGAT lines (Fig. 3B) , and thus this mechanism is unlikely to be responsible for the CL37 phenotype. Additionally, it is unlikely that HFA-CoA is directly related to the reduction in FA synthesis rate in CL37 because both the PDAT and the DGAT lines have recovered FA synthesis rates, but only DGAT has a reduced proportion of HFA-CoA (Fig. 3A) . The reduction in HFA-CoA by the castor DGAT is consistent with its enzymatic activity that selectively uses HFA-CoA to produce TAG (25) . Fig. 4 displays a possible model for CL37 lipid metabolism based on the results reported here and previous research (10) . The diacylglycerol (DAG) substrate used for TAG production can be synthesized de novo from glycerol-3-phosphate (G3P) and acyl-CoAs or it can be derived from PC (28) . In wild-type Arabidopsis, TAG is primarily produced from PC-derived DAG (10), indicating a de novo DAG → PC → PC-derived DAG → TAG pathway (Fig. 4) . We recently demonstrated that HFACoA [produced from PC acyl editing (Fig. 4A) ] is efficiently used for de novo DAG synthesis; however, de novo HFA-DAG is not efficiently used for membrane lipid or TAG synthesis within CL37 seeds and is rapidly turned over, limiting the flux of glycerol into PC and thus TAG (Fig. 4 , red X) (10). Because we conclude here that reduced FA synthesis (Fig. 2) is the major mechanism limiting oil accumulation in CL37, the FAs released from HFA-DAG turnover likely reenter glycerolipid metabolism. The synthesis of HFA-containing de novo DAG and its subsequent turnover produces a futile cycle of inefficient glycerolipid synthesis within the ER (Fig. 4B, red lines) which leads to posttranslational regulation of ACCase activity in the plastid (Fig. 4C) via phosphorylation, redox, binding proteins, enzyme turnover, or other regulators of ACCase activity (41) (42) (43) . Further identification of the metabolic signals which control ACCase regulation, and thus FA synthesis, in response to unusual FA production may generate alternative bioengineering strategies for increasing total oil accumulation in plants (45) .
Closing Remarks. It has long been proposed that β-oxidation is a major factor limiting the engineering of unusual FAs into crop plants. Here we demonstrate that posttranslational down-regulation of FA synthesis by unusual FAs can also significantly inhibit the accumulation of industrial oils within transgenic plants. The induced down-regulation of plastidial ACCase, due to in vivo metabolic changes within the ER of CL37 seeds, suggests that this transgenic system may be responding to an endogenous intercompartmental posttranslational regulatory pathway that would otherwise be difficult to study in wild-type plants. The metabolic analysis of transgenic plants producing HFA presented here enhances our knowledge of the mechanisms limiting the accumulation of TAG containing unusual FAs. In addition, the differential responses to various transgenically produced unusual FAs measured here and by others may be even more useful for understanding the basic biochemistry of how plants deal with changes to cellular FA content.
Methods
Plants, Oil Content, and Metabolic Labeling. All six plant lines were grown randomized across a growth chamber under constant ∼100-170 μE light, ∼22°C, and ∼60% humidity. Seed oil was determined by whole-seed transmethylation and analysis by gas chromatography with flame ionization detection (46) . RNA Expression Analysis. Frozen developing seeds of 7-8, 9-10, and 11-12 days after flowering (DAF) were collected from liquid N 2 frozen siliques (47) . Approximately 100 mg of frozen seed samples (three biological replicates for each plant line/developmental stage) were ground to a fine power, RNA extracted (48) , and DNA removed (DNA-Free RNA Kit, Zymo Research). Libraries were prepared from 2 to 4 μg total RNA (Illumina TruSeq RNA kits) and sequenced with Illumina HiSeq2000. Reads (50 nt) were trimmed, filtered, and mapped against TAIR10 genome (www.arabidopsis.org/) with Bowtie (v. 2.0.0-beta7). Only alignments consistent with annotated transcripts were considered valid. Each sample and biological replicate was aligned separately. All alignments were then used as input to Cuffdiff (v. 2.0.1) (49) to calculate per sample, per gene fragments per kilobase of exon per million fragments mapped (FPKM), and statistical significance (q value) of differential expression between transgenic lines. Cufflinks averages the FPKM across biological replicates within each sample. 
